Abstract Soil and stream water aluminium and hydrogen ion data are presented for three Scottish catchments that are both acidic and acid sensitive. Stream waters have pH values ranging from 3.9 to 7.1 and aluminium concentrations in the range 0.07 to 129 MM l" 1
1
. Within the soils H + concentrations decline with depth, being highest in the organic horizons and lowest in the inorganic horizons. Mean EF concentrations vary markedly from site to site (H + ranges from 12 to 111 and from 9 to 72 nM I' 1 in the upper and lower soils respectively). Correspondingly dissolved aluminium varies with depth and from site to site (range from 2 to 21 and from 8 to 17 nM l" 1 in the upper and lower soils respectively). Thermodynamic analysis of these data sets show that simple Al(OH) 3 and Al(OH)S0 4 solubility relationships are inoperative in the stream and soil zones. Dis-equilibrium "weathering" processes are inferred, even in the case where Al(OH) 3 (gibbsite) is found within the catchment.
Contrôle du diséquflibre de solubilité de l'aluminium dans trois bassins versants acides d'Ecosse
Résumé On présente les données des ions aluminium et hydrogène de l'eau dans le sol et les cours d'eau pour trois bassins écossais qui sont à la fois acide et sensibles aux acides. Les eaux des ruisseaux présentent des valeurs de pH variant de 3.9 à 7.1 et des concentrations en aluminium variant de 0.07 à 1.29 fiM l" 
INTRODUCTION
Predicting the ecological and hydrochemical effects of acidic deposition requires a thorough understanding of aluminium mobilization. Specific forms of aluminium are toxic to fish and are known to be mobilized during acidification (Andelman & Millar, 1986; Lee, 1985; Hooper & Shoemaker, 1985; Evans, 1986) . As part of the Surface Water Acidification Programme (SWAP) detailed chemical studies have been undertaken at three sites in acid-sensitive catchments in Scotland. Results of these surveys are presented here to demonstrate that the commonly assumed simple aluminium solubility controls in such acidic and acid-sensitive systems are not operative. It has been reported that the conventional stability diagrams controlling Al(OH) 3 and aluminium hydroxy sulphate minerals are misleading in that the relationships compared are dependent causing spurious correlation (Neal et al., 1986 Neal, 1988) . Alternative formulations with independent variables are therefore used in this study.
SITE DESCRIPTION
The Allt a Mharcaidh catchment, situated 10 km south of Aviemore in the Cairngorm Mountians (NH8932026), has an altitude range from 111 to 320 m. This catchment is thought to be in an area subjected to moderate sulphate deposition: wet-deposited non-marine sulphate ranges from 0.5 to 1.25 g S m' 2 year" 1 (UKRGAR, 1987) . Granites from the Cairngorm massif compromise the underlying geology. The catchment is predominantly heather moorland with the exception of its lower reaches which are forested with Scots Pine. There are three major soil types in the catchment: the lower slopes are covered in peat of varying depth while the mid-slopes have peaty podzols, and the upper slopes are characterized by alpine and sub-alpine sous which account for approximately 45% of the total catchment area of 10 km" 2 . The latter soil is of particular interest in this report because of the presence of gibbsite in the lower horizons of the soil.
The other two catchment plots are located in the Loch Ard catchment which is identified as being a region of high sulphate deposition (~ 1.5 g S m"
2 year" 1 wet-deposited non-marine sulphate (UKRGAR, 1987)): one is part of the Kelty Water situated approximately 35 km west of Stirling (NS457966), the other drains into Loch Chon (NN410079). The Kelty study site has peaty gley soils underlying mature Sitka Spruce 
CHEMICAL ANALYSIS
All water samples were filtered through 0.45 (im filters (Millipore HVLP) prior to analysis. The samples were collected from the instrumented sites in a manner described elsewhere Gaskin et al., 1988) . They were analysed for aluminium species by the Driscoll method using a pyrocatechol violet colorimetric assay (Driscoll, 1980; Dougan & Wilson, 1974) . pH was measured using a remote KCI electrode system while sulphate analysis was carried out by ion chromatography. All the data for specific soil horizons and stream waters from all the sites used in this paper cover the sampling period February to November 1987. All aluminium concentrations used in the calculations are total monomeric aluminium.
THERMODYNAMIC ANALYSIS
Two phases commonly assumed to regulate aluminium concentrations in soil and stream waters are Al(OH) 3 and Al(OH)S0 4 . The former phase can be considered to correspond from crystalline (gibbsite) to amorphous Al(OH) 3 . Here solubility relationships are explored using the following equations and previously collated thermodynamic data (Nordstrom et al., 1984) Detailed definitions and the reasons for the approach used are explained in previous publications Neal, 1988) . Previously, only graphical representations were used in the thermodynamic analysis. Here thermodynamic analysis is restricted to regression analysis and saturation index evaluation; this alternative approach is taken due to the very large data scatter.
RESULTS
The average yearly concentrations from all catchments for aluminium species are presented in Table 1 . Analysis of the soil and stream data reveals that the soils and streams are acidic and aluminium-bearing with the exception of the alpine podzol stream where the pH is higher, ranging from 5.9 to 7.1 and the total aluminium (A1J is lower (less than 3.4 fiM l" 1 ) ( Table 2 ). In the soils and streams the H and Al ~ concentrations are relatively constant with 05-5.66) 3.97 (3.78-4.10) 4.10 (3.83-4.29) 4.25 (3.91-5.60) 4.25 (3.89-5.17) 4. 95 (4.66-5.2) 4. 86 (4.4-5.46) 5. 07 (4.76-5.35) 6.32 (5.9-7.1) It 45.6 (14.3-7.9) 29.3 (10-50.1) 34.3 (8.1-95.4) 46. 91 (2.1-95.5) 110.7 (79.4-165.6) 82.2 (51.2-147.9) 729 (2.5-123.0) 71. 17. 4 (3.5-30.5) 9.58 (3.1-17.0) 1. 52 (0.78-19) 9.19 (1.4-220) 15.9 (2.7-48.9) 8.5 (3.3-29.4) 6.9 (33-11.56) 2. 09 (0.92-644) 4.77 (1.07-9.62) 5.07 (1.55-8.4) 1. 95 (0.7-337) the exception again of the alpine stream where concentrations are more variable For the Chon and Kelty catchments the stream pH and Al r concentrations are similar to those for the soils, indicating that stream waters are essentially derived from these soil zones. For the alpine podzol, the stream waters have higher pH and lower Al r concentrations than the soil waters which indicates that the input to the stream is of high pH and low aluminium concentration groundwater. The groundwater component would be expected to have low Al r and FT concentrations due to inorganic weathering reactions which consume H + transferred from the upper soils. Thermodynamic analysis (Tables 3 and 4) shows that, with the exception of lower-soil and stream waters from the alpine podzol, the soil and stream waters are predominantly undersaturated with respect to crystalline and amorphous forms of Al(OH) 3 . Consequently for all but the alpine podzol case, Al(OH) 3 cannot regulate aluminium concentrations either in the soil or in the stream water. In the alpine podzol case, as well as for the other catchment cases, regression analysis of the speciated data reveals that no single Al(OH) 3 solubility control is operative, as illustrated in Table 4 . The theoretical gradient of +1 for the pAl-vs 3pH -log f(H,T) relationship is not observed while data scatter is large (r-0.007 to 0.248): the same is true for base flow and stream flow values analysed separately. Kinetic controls are indicated.
The thermodynamic analysis also reveals that an Al(OH)S0 4 equilibrium reaction is not regulating aluminium soil and stream water chemistry for any of the catchments studied here. AH the waters are undersaturated with (-3.77 to-1.71) -1.89 (-3.23 to -0.79) -1.75 (-3.28 to 1.79) -1.77 (-3.21 to 0.65) -0.29 (-1.13 to 0.12) -0.21 (-1.54 to 1.03) 0.41 ((0.57to 1.21) 227 (1.78 to 159) -4.05 (-4.9 to -3.16) -3.53 (-43 to Z03) -3.86 (-5.04 to -2.73) -4.86 (-6.79 to -137) -5.59 (-690 to 4.74) -4.96 (-636 to -3.84) -483 (-6.40 to -1.23) -4.84 (-6.33 to -2.48) -336 (-4.2 to 129) -3.27 (-4.6 to -1.9) -265 (-3.68 to -1.8) -0.78 (-132 to -0.44) respect to this phase by over two orders of magnitude; the theoretical regression gradient of -1 is not observed and again the data are highly scattered if = 0.016 to 0.301).
In general H* decreases while AI increases with depth within the soil zones. This is consistent with inorganic reactions where H* is consumed during the breakdown of Al oxide/hydroxide/silicate minerals and aluminium is added to solution. The results are inconsistent with simple (single) solubility controls. However, for each soil zone the H*-A1 relationships show very poor correlation. The lack of correlation indicates the variable nature of the aluminium release mechanisms. Further, the soils in the alpine podzol area contain crystalline Al(OH) 3 (gibbsite). The results presented here are therefore consistent with this gibbsite phase being a relic of an earlier phase of soil formation. Since the mineral is for the most part unstable in present soil water conditions the results suggest that this phase is partially resistant to weathering under acid conditions.
CONCLUSIONS
Aluminium regulation in stream and soil waters of three Scottish catchments seems to be controlled by non-equilibrium "weathering" reactions rather than expected minerals equilibrium (Al(OH) 3 , Al(OH)S0 4 ) solubility processes. The "weathering" process seems to be dynamic and erratic in that the relationship between H* and Al is poor. Classically short and long term modelling of acidic deposition has relied on the assumption of Al(OH) 3 solubility controls (Christophersen et al, 1982 (Christophersen et al, , 1984 Cosby et al., 1985) . Clearly the present findings reinforce previous studies (Neal, 1988) which suggest that such an assumption is invalid. Consequently there is an urgent need to develop alternative mechanisms for describing aluminium variations in acidic and acid-sensitive systems.
